Na+:H+ and Cl-:HCOj exchange are localized, respectively, to basolateral (blLPM) and canalicular (cLPM) rat liver plasma membranes. To determine whether these exchangers play a role in bile formation, we examined the effect of a choleretic agent, ursodeoxycholate (UDCA), on these exchange mechanisms. 22Na (1 mM) and 36CI (5 mM) uptake was determined using outwardly directed H+ and HCO3 gradients, respectively. Preincubation of blLPM vesicles with UDCA (0-500 had no effect on pH-driven Na+ uptake. UDCA (200 MAM) had no effect on either membrane lipid fluidity, assessed by steady-state fluorescence polarization using the probes 1,6-diphenyl-1,3,5-hexatriene, 1249-anthroyloxy) stearic acid, and 249-anthroyloxy) stearic acid (2-AS), or Na+,K+-ATPase activity in blLPM vesicles. In cLPM vesicles, UDCA (0-500M&M) had no stimulatory effect on initial rates of HCO3 -driven Cl-uptake. Enhanced basolateral Na+:H+ exchange activity, leading to intracellular HCO3 concentrations above equilibrium, may account for the bicarbonate-rich choleresis after UDCA infusion.
Introduction
Ursodeoxycholate (UDCA),' a 3a,7# dihydroxy bile acid that is increasingly used to dissolve cholesterol gallstones in man, induces a marked choleretic response in rats that is associated with a selective increase in canalicular bicarbonate secretion (1, 2) . This property, as well as the observation that bicarbonate is required for the maintenance of bile acid-independent bile formation in the isolated perfused rat liver model (3) (4) (5) , suggests that bicarbonate transport may be important in the generation of hepatic bile flow. Preliminary observations in the fluorocarbon-perfused rat liver also indicate that UDCAstimulated choleresis is dependent on sodium and can be inhibited by amiloride, a competitive inhibitor of Na+:H' exchange, and analogues ofamiloride (6, 7) . In addition, we have recently identified and characterized basolateral Na+:H' and canalicular Cl-:HCO-exchange on these respective domains of the hepatocyte plasma membrane (8, 9) . Altogether, this evidence, although circumstantial, is consistent with a role for Na+:H' and Cl-:HCO-exchange in bile formation, as discussed in recent reviews (10, 11) . It is therefore possible that bile acids such as UDCA might exert their actions via direct effects on these ion exchange mechanisms. To further explore the role of membrane transport processes in this critical hepatocellular function, we examined the effects of UDCA on Na+:H' and Cl-:HCO-exchange activities in purified rat liver basolateral (blLPM) and canalicular (cLPM) plasma membrane vesicles. The effects on Na+:H' exchange activity of the structurally related taurine conjugate, tauroursodeoxycholate (TUDCA) Isolation of cLPM and bILPM. The method for isolation of the cLPM and blLPM as well as their biochemical and morphologic characterization have been described in detail (8, 12) . A virtually complete separation of blLPM and cLPM by this method is reflected by the absence in cLPM ofNa+,K+-ATPase, glucagon-stimulatable adenylate cyclase, and intact secretory component (12) . By freeze fracture analysis, 80% of cLPM and 73% of blLPM vesicles exhibit right-side-out configuration (8, 12) .
Vesicles were preloaded with desired media by resuspending freshly isolated membrane vesicles by tight homogenization (10 up-and-down strokes, type B Dounce homogenizer [Kontes Glass Co., Vineland, NJ]) in membrane resuspension media as defined in the figure legends. Vesicles were then frozen and stored in liquid nitrogen (protein concentration > 5 mg/ml) before use.
Before transport studies, the frozen vesicle suspensions were quickly thawed in a 370C water bath, diluted to the desired protein concentration, and passed repeatedly (1 5X) through a 25-gauge needle.
"Na and 36C1 uptake determination. For measurements of "Na and 36C1 uptake, 20 Ml (100-130 ug protein) of the membrane vesicle suspension was added at 250C to 80 Al reaction mixture containing the radiolabeled material plus the appropriate medium. Uptake was terminated at specific time intervals by the addition of 3 ml of ice-cold stop solution consisting of 204 mM sucrose, 150 mM K gluconate, 0.2 mM Ca gluconate, 5 mM Mg gluconate, and 10 mM Hepes/Tris, pH 7.5. Membrane vesicle-associated ligand was separated from free ligand by immediate and rapid filtration through a 0.45-Mum Millipore filter (HAWP). The filter was washed twice with 3 ml stop solution, dissolved in Redisolv HP (Beckman Instruments, Inc., Palo Alto, CA) and counted in a Beckman LS 2000 liquid scintillation counter. Nonspecific binding of isotope to filter and membrane vesicles was determined in each experiment by addition, at 0-40C, of reaction mixture and stop solution to 20 Ml membrane suspension. This membrane/ filter blank was subtracted from all determinations. Because of the presence of an electrogenic component to Na+ uptake in bILPM vesicles (8, 13) , all studies were performed under voltage-clamp conditions, in which the contribution of the membrane potential to the observed pH gradient-dependent Na+ uptake is minimized by the addition of the K+ ionophore, valinomycin (5 ug/mg protein) in the presence of 100 mM K+ on both sides of the vesicle membrane. Under these conditions, amiloride-sensitive pH-driven Na+ uptake (attributable to Na+:H+ exchange) is preferentially studied. To assess the effect of various bile acids on initial rates of pH-stimulated Na+ uptake, uptake was determined at 15 s. For experiments requiring preincubation of bile acids with membrane vesicles, concentrated solutions of bile acids in propylene glycol were used and equivalent amounts of propylene glycol served as control. Preliminary studies utilizing the pH-sensitive dye, acridine orange, demonstrated no effect of bile acids or propylene glycol on the rate of dissipation of the imposed pH gradient in blLPM vesicles.
Unless otherwise indicated, all experimental data were obtained from triplicate analysis of three or more separate membrane preparations. All values are expressed as mean±SE. The data were compared by Student's t test; differences were considered to be statistically significant when P < 0.05. Na+,K+-A TPase assays. LPM preparations were assayed for Na+,K+-ATPase activity using a previously described coupled enzyme assay in which the production of ADP by the ATPase reaction is linked to NADH oxidation using pyruvate kinase and lactic dehydrogenase as coupling enzymes (14) .
Fluorescence polarization measurements. Fluorescence polarization was studied with a SLM 8000 photon-counting spectrofluorometer (SLM Instruments, Inc., Urbana, IL) using 1,6-diphenyl-1,3,5-hexatriene (DPH; Eastman Kodak Co., Rochester, NY) and 12-(9-anthroyloxy) stearic acid (12-AS; Molecular Probes, Inc., Junction City, OR) as probes for the hydrophobic core of the membrane (15), and 2-(9-anthroyloxy) stearic acid (2-AS; Molecular Probes, Inc.) as a probe for the surface of the membrane. For insertion into the membrane, an aliquot of probe was first dried on the inner surface of a test tube, an aliquot of membrane suspension added, and the tube vortexed. Measurements were performed as described by Lakowicz (16) , and anisotropy (r) calculated using Perrin's equation: r = (III -I1) (IIl + 2I_). All membrane suspension samples were prepared in triplicate and three readings taken on each sample at 1-min intervals. LPM suspensions containing no probe (blanks) were similarly prepared to check light scattering. Raman light scattering accounted for < 5% of the intensity of the fluorescence signal in the presence of probe and therefore was discounted in these experiments.
Results
The effect of UDCA on pH-driven Na' transport was first studied under conditions in which the bile acid was present only in the extravesicular medium. As shown in Table I, no effect on Na' uptake was observed under these conditions. However, when membrane suspensions were preincubated with UDCA at 250C for 10 min, a concentration-dependent increase in pH-driven Na' uptake was observed with a maximal effect at 200 ,M UDCA (Fig. 1) . In subsequent experiments (data not shown), this requirement for preincubation was confirmed with no stimulation observed after 1 min preincubation, but enhancement of pH-driven Na' uptake at 5 min was similar to that shown at 10 min. Preincubation of membrane vesicles with UDCA had no effect on the degree of uptake at equilibrium.
To determine if UDCA was selective in increasing Na+:H' exchange activity, we next examined the effects of the structurally related taurine conjugate of UDCA, TUDCA, and TC on pH-driven Na' uptake in blLPM. As shown in Fig. 2 , TUDCA and TC did not significantly increase pH-driven Na' uptake above control levels, as compared with UDCA. Additionally, the similar inhibition by amiloride, a competitive inhibitor of Na+:H' exchange (17), of pH-driven Na' uptake, regardless of the bile acid studied, is consistent with a selective enhancement of Na+:H' exchange by UDCA. The selective nature of the observed enhancement of Na+:H+ exchange activity by UDCA is suggested even further by studies with other bile acids. As shown in Table II , neither cholate, deoxycholate, nor chenodeoxycholate significantly increased pH-driven Na+ uptake above control levels, as compared with UDCA.
The component of Na+ flux in blLPM vesicles that is observed under voltage clamp conditions has been previously attributed to amiloride-sensitive Na+:H+ exchange (8). Never- least three separate membrane preparations (except data at 500 AM UDCA, for which two separate membrane preparations were studied). UDCA (100 and 200 MM) significantly increased (*P < 0.05 and **P < 0.001, respectively), whereas 500 MM significantly decreased (*P < 0.05) pH-driven Na+ uptake. theless, to study whether UDCA alters Na+ permeability in blLPM vesicles, Na+ flux was measured under pH-equilibrated conditions in the presence and absence of UDCA. As illustrated in Fig. 3 , at a concentration and under preincubation conditions that result in maximal enhancement of pH-driven Na+ uptake, UDCA had no effect on Na+ flux. 15 In contrast to the observed enhancement of Na+:H+ exchange in blLPM vesicles, under the same optimal preincubation conditions, UDCA did not have any stimulatory effect on Cl-:HCO-exchange in cLPM vesicles. As shown in Fig. 4 , preincubation of membrane vesicles with either 200 uM UDCA or 200 ,M TUDCA did not increase HCO-gradientdriven C1-uptake above control values. In fact, a small degree of cis-inhibition of HCO-gradient-driven Cl-uptake resulted from preincubation with either bile acid. Similar results were obtained at both lower (50, 100 MM) and higher (400, 500 MuM) concentrations of UDCA, at various preincubation times as well as in the absence of any preincubation (Table III) .
Recent findings in rat colonic brush border membrane vesicles (18) (Table IV) .
TC, as well as taurochenodeoxycholate and deoxycholate, cause an immediate and reversible concentration-dependent inhibition of Na',K+-ATPase activity in isolated rat liver plasma membranes (19) . To determine the degree of specificity ofUDCA-induced stimulation ofNa+:H' exchange activity in blLPM, the effect of UDCA on Na+,K+-ATPase activity in isolated membrane vesicles was examined. As illustrated in Table V , incubation of plasma membranes with UDCA had no significant effect on Na',K+-ATPase activity.
Finally, the effect of increasing extravesicular concentrations of Na' on the initial rates of pH-driven Na' uptake under control and UDCA-stimulated conditions was studied.
pH-stimulated Na+ uptake was enhanced by UDCA (200 MM) at all external Na' concentrations studied (Table VI) . Regres- 
Discussion
The bicarbonate-rich choleresis observed after UDCA infusion provides a unique model for investigating the potential cellular mechanisms responsible for bile formation. Using liver plasma membrane vesicles, the present studies provide direct evidence for a stimulatory effect of UDCA on basolateral membrane Na+:H+ exchange. This evidence includes (a) a concentrationdependent enhancement of amiloride-sensitive pH gradientdriven Nat uptake in basolateral membrane vesicles preincubated with ursodeoxycholate, (b) no enhancement of pH gradient-driven Na' uptake with the less choleretic (20) , structurally related taurine conjugate of UDCA, or with TC, cholate, chenodeoxycholate and deoxycholate, and (c) no effect of UDCA on Na' flux under pH-equilibrated conditions, Na+,K+-ATPase activity, or membrane lipid fluidity, as assessed by steady-state fluorescence polarization. If stimulation of Na+:H+ exchange activity is to be ob- (24) . The kinetic studies, demonstrating an increase in Vma, without an alteration in Km for Na', combined with the absence of changes in membrane lipid fluidity, suggest that UDCA may result in a minor allosteric modification of the exchanger that increases its efficiency or its turnover. Such an effect would be similar to the modulating effects of intracellular protons on Na+:H' exchange (25) . Indeed, UDCA uptake into hepatocytes has been associated with intracellular acidification (24) . Because kinetic features were studied in the presence of a steep pH gradient, the observed effect of UDCA is more likely to be the result of increased turnover of Na+:H' exchange rather than a change in the modifier site. In fact, it is unlikely that the effect of UDCA on Na+:H+ exchange in membrane vesicles in the present study is directly related to intravesicular acidification and changes in the imposed pH gradient, because preincubation with bile acids with similar pKl's to UDCA (cholate, chemodeoxycholate) did not increase initial rates of pH-driven Na' uptake (Table II) . In addition, the high buffering capacity of the intravesicular media (140 mM Tris, Hepes, and MES) make significant changes in intravesicular pH unlikely. Parenthetically, in view of the high extracellular concentration of Na' in vivo, it is not surprising that modulation of the exchanger does not occur through changes in Km.
Na+:H+ exchange could also be affected by changes in its membrane lipid environment, and recent work in the intestine has noted this relationship (17, 26) . The absence of appreciable changes in membrane lipid fluidity rules against this effect in the present study. In addition, lack of an effect on the Na+,K+-ATPase activity at UDCA concentrations which result in maximal stimulation of Na+:H+ exchange differs somewhat from previous studies that demonstrated both inhibitory and stimulatory effects of bile salts on plasma membrane Na+,K+-ATPase activity or fluidity (18, 27) . However, higher concentrations of bile salts were used in these reports. The findings in the present study suggest that the effects of UDCA cannot be ascribed to nonspecific effects on plasma membrane fluidity and enzyme activity. In cLPM vesicles, neither TUDCA nor UDCA had a direct stimulatory effect on Cl-:HCO exchange. In fact, UDCA (0-500 ,gM) and TUDCA (200 ,uM) exerted a small but significant inhibition of HCO-gradient-driven Cl-uptake into cLPM vesicles (Fig. 4 and Table III ). This cis-inhibition by UDCA suggests the existence of an organic anion exchanger on the canalicular membrane, the presence of which was previously undetectable (9) . Clearly, additional studies are required to address this question and determine if the canalicular membrane of the rat liver contains an anion exchange transport system similar to that recently described for bile acids in rat intestinal basolateral membrane vesicles (28).
The specificity of the stimulation of Na+:H' exchange by UDCA suggests that this membrane antiport could play a role in the choleresis observed with this bile acid and lends further support to a proposed model of bile formation (8, concentrations closer to equilibrium concentration, and decrease canalicular HCO5 secretion and diminish bile flow. To date, however, no direct evidence has been obtained to confirm a role for Na+:H+ exchange in bile formation in contrast to other diverse cellular functions, including intracellular pH control, cell volume regulation, and cell growth and proliferation (1 1, 29, 30 ). Nevertheless, several additional observations with known cholestatic and choleretic agents support this model. Amiloride and amiloride analogues significantly diminish UDCA-stimulated bile flow and bicarbonate output in perfused rat livers (6, 7) although a primary effect on basal bile flow is less clear (31). The carbonic anhydrase inhibitor, acetazolamide, has also been shown to decrease both UDCA-stimulated bile flow and biliary bicarbonate concentration in similar preparations (32) . Ethinyl estradiol, a potent cholestatic agent, produced almost complete inhibition of Na+:H+ exchange activity in rat liver sinusoidal membrane vesicles (33) . Finally, both glucocorticoids and thyroid hormone, known choleretic agents in vivo (34, 35), stimulate Na+:H+ exchange in other epithelia (36, 37) . Whereas caution is warranted in ascribing physiologic relevance to these observations, the findings in the present study demonstrate that UDCA, a known choleretic agent, can stimulate Na+:H+ exchange in vitro at bile salt concentrations within the range reported for both liver tissue and cultured hepatocytes after UDCA administration (38, 39) , and well below the critical micellar concentration of UDCA.
In conclusion, preincubation of isolated basolateral membrane vesicles with ursodeoxycholate results in a concentration-dependent increase in amiloride-sensitive Na+:H+ exchange. These findings have been discussed primarily with respect to an evolving model of bile formation, in which secondary active Na+:H+ exchange acts as a driving force for the net canalicular secretion of HCO . However, the physiologic significance of these in vitro findings must eventually depend on in vivo studies that can more directly establish a role for or against electrolyte transport in bile formation, such as isolated hepatocyte couplets (40) . A recent report that ursodeoxycholate-induced choleresis in the isolated perfused rat liver is not dependent on bicarbonate per se but is the result of H' (or OH-) transport (41) supports this interpretation.
